Abstract Sustainability in agriculture means the inclusion of several aspects, as sustainable agriculture systems must not compromise not only their ability to satisfy future needs by undermining soil fertility and the natural resource base but also sustainable agriculture has had to address a range of other issues including energy use, efficient use, and recycling of nutrients, the effects on adjacent ecosystems including the effects on water bodies and climate change. Organic manures are an important factor to keep the soil fertility level of soils. However, their management is often related to large emissions. In this context, anaerobic digestion is-similarly to composting-a treatment option for stabilization of biogenic wastes leading to a residual product called digestates, enabling the sanitation and the recycling and use as fertilizer. It is also a means to obtain energy from wastes as well as from dedicated energy crops. Therefore, anaerobic digestion potentially addresses several aspects of agricultural sustainability. This review discusses the current state of knowledge on the effects of anaerobic digestion on organic compounds in digestates and the most important processes influencing N emissions in the field, as well as the possible longterm effects on soil microbial biomass and soil fertility. The main findings are that (1) the direct effects of anaerobic digestion on long-term sustainability in terms of soil fertility and environmental impact at the field level are of minor relevance. (2) The most relevant effects of anaerobic digestion on soil fertility as well as on N emissions will be expected from indirect effects related to cropping system changes such as changes in crop rotation, crop acreage, cover cropping, and total amounts of organic manures including digestates. Furthermore, (3) the remaining organic fraction after anaerobic digestion is much more recalcitrant than the input feedstocks leading to a stabilization of the organic matter and a lower organic matter degradation rate after field application, enabling a similar reproduction of the soil organic matter as obtained by direct application of the feedstock or by composting of the feedstock. (4) Regarding emissions, the main direct effect of anaerobic digestion on a farm level is the influence on gaseous emissions during manure or digestate treatment and handling, whereas the direct effects of anaerobic digestion on a field level on emissions (NH 3 − and N 2 O − emissions, NO 3 -leaching) are negligible or at least ambiguous. (5) The main direct effects of anaerobic digestion on the field level are short-term effects on soil microbial activity and changes in the soil microbial community. Therefore, in terms of the effects on agricultural sustainability, potential cropping system-based changes induced by introduction of biogas plants are probably much more relevant for the overall performance and sustainability of the cropping system than the direct effects triggered by application of digestates in comparison to the undigested feedstocks. Furthermore, to get the full potential advances from implementation of biogas plants in terms of improvement of the nutrient use efficiency and reduction of greenhouse gas emissions, there is the need to introduce more sophisticated techniques to avoid counteracting effects by pollution swapping, e.g., by gas-tight closure of the digestate stores and direct soil incorporation of the field-applied digestates.
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Introduction
During anaerobic digestion, bacteria consume part of the organic matter and produce "biogas," primarily composed of methane and carbon dioxide. The residues, called digestates, are a complex mixture of water and a multitude of particulate, suspended, and dissolved organic and inorganic substances, including nutrients, not decomposed organic matter, and pollutants. There is strong evidence that AD may help alleviate some of the environmental concerns associated with animal husbandry, e.g., N and C emissions during storage, odor emissions, etc. Battini et al. 2014; Massé et al. 2011; Michel et al. 2010) , while simultaneously affecting the composition and fertilizer properties of the remaining digestates (Möller and Müller 2012) .
Anaerobic digestion means a transformation of about 20-95 % of the carbon (C) in the feedstock into gaseous C compounds, depending on kind and recalcitrance of the feedstocks. The digestates are used as a fertilizer. Digestion of manures and crop residues reduces the amounts of organic carbon introduced into the soil in comparison to direct soil incorporation of the undigested feedstocks (e.g., Reinhold et al. 1991) . However, digestion can also mean an increase of organic matter inputs, when dedicated energy crops are introduced as new crops in a crop rotation instead of cash crops, as well as a complete redesign of crop rotations, crop acreage, and cropping systems (Möller et al. 2011) . It was often hypothesized that on a long-term, soil organic matter content will decrease and the soil biological activity may be hampered when a systematic removal of carbon fixed in manure and crop residues for energy purposes are implemented, leading to decreased quantities of organic materials with less easily available C applied to soils after implementation of a biogas plant (Lampkin 1990; Heilmann 1992; Haas 2000; Scheller 2006 ). Therefore, especially organic farmers are concerned that fertilization with the digestates may impact the soil microbiota and soil fertility because they contain more mineral nitrogen and less organic matter than the non-digested input materials (e.g., untreated animal slurry, plant residues, or green manure biomass) (Johansen et al. 2013) . Simultaneously, anaerobic digestion leads to an increase of manure pH and also to transformation of nitrogen (N) compounds (e.g., EIShinnawi et al. 1989; Möller and Müller 2012) . This potentially affects N loss processes during manure handling and soil N turnover after field application (e.g., Petersen and Sommer 2011) . Therefore, there is much interest in understanding the effects of manure treatment by anaerobic digestion on N losses (ammonia, nitrous oxides, nitrate leaching) during manure handling (e.g., storage and field application) and after field application. In this paper, the available literature on the effects of anaerobic digestion on composition and recalcitrance of the organic C components in digestates is summarized and evaluated, and the latest information and understanding of how anaerobic digestion influences the soil C and N turnover after field application, including the gaseous N emissions (N 2 O and NH 3 ) and the losses via nitrate leaching during manure handling and after field application is reviewed. Furthermore, effects on soil physical properties and soil microbial activity will be discussed and further research needs are defined. This review complements a former review published by Möller and Müller (2012) which focused on effects of anaerobic digestion on nutrient cycles and nutrient availability.
Effects of anaerobic digestion on digestate organic matter composition
The total carbon content of digestates varies between 28 and 47 % of the dry matter (Tambone et al. 2010; Fouda 2011; Möller and Schultheiss 2014) . Approximately 80-95 % of that C was organically bound with carbonate as the remaining inorganic C (Chantigny et al. 2004; Fouda et al. 2013) . During anaerobic digestion, lignin is not degraded, whereas volatile fatty acids (>90 %), cellulose (>50 %), hemicellulose (>80 %), and raw protein are partially degraded (Asmus et al. 1988; Molinuevo-Salces et al. 2013) . Using Fictitious Atomic-Group Separation (FAS) techniques, Marcato et al. (2009) reported that the degree of carbon oxidation was lower in undigested pig slurry (0.829) than in digested pig slurry (0.216). The higher oxidation degree of digestate is surprising since they came from a reduced environment (−300 mV). The reason is that the most reduced C is converted to biogas, leading to a relative increase in the C oxidation level of the remaining organic carbon.
Several authors evaluated the relative stabilization processes due to anaerobic digestion using biochemical characterization (van Soest Analyses) or spectral analysis (e.g., Fouriertransform infrared (FTIR) spectra, cross polarization magic angle spinning combined with nuclear magnetic resonance ( 13 C CPMAS NMR), etc.). These methods provide information about molecule structure and dynamics on the atomic level. As compared to undigested manures or residues, spectral and thermogravimetrical profiles of digestates generally show lower lipide, amide, and polysaccharide content (approx. −15 % absolute) and an enrichment in thermostable compounds in the range of 32 to 625 %, an increase of the degree of aromaticity (e.g., aromatic lignin by approx. 30-60 %), and an accumulation of long-chain aliphatic components due to the inability of the organisms involved in the digestion process to degrade these kind of materials under anoxic conditions (Table 1) , indicating a relative increase of the biological recalcitrance in the digestates compared to the input materials (Cuetos et al. 2009; Gómez et al. 2005 Gómez et al. , 2007a Gómez et al. , b, 2011 Marcato et al. 2009; Pognani et al. 2009; Tambone et al. 2009 Tambone et al. , 2013 by unilateral decomposition of the easier decomposable C compounds. Similar conclusions have been drawn in many other reports by application of soil incubation approaches (e.g., Reinhold et al. 1991; Sánchez et al. 2008; Thomsen et al. 2013) . The higher the obtained degradation of the feedstocks, the higher the relative increase of recalcitrance, as a consequence of the preferential degradation of easy degradable compounds in anaerobic digesters. The degree of increase of stable compounds corresponds to the degree of degradation obtained via anaerobic digestion (Asmus et al. 1988; Gómez et al. 2007a; Thomsen et al. 2013) and with the decrease of the biological oxygen demand after field application of the manures Tambone et al. 2009; Alburquerque et al. 2012a) . Characterizations of the C org compounds of digestates by FTIR spectra indicated that anaerobic stabilization of organic matter is mainly due to the buildup of more stable compounds in the dry matter rather than humification processes (Marcato et al. 2009 ). From the available references, it can be concluded that anaerobic digestion has only a minor influence on the total amounts of highly recalcitrant compounds in the organic manures, which basically influences long-term soil organic matter contents and long-term soil fertility.
3 Effects of anaerobic digestion on overall farm greenhouse gas emissions
The implementation of biogas plants in farming systems has the potential for a reduction of the overall greenhouse gas emissions of mixed farming systems with animal husbandry by reducing net emissions and after applying credits for the produced renewable energy (Michel et al. 2010; Battini et al. 2014) . However, the effects on single treatment and handling steps differentiate (e.g., manure handling, manure storage, field spreading) and are strongly dependent on the design of Derived from results in greenhouse or growth chamber pot experiments (Goberna et al. 2011; Sänger et al. 2010 Sänger et al. , 2011 Walsh et al. 2012a) or from theoretical approaches (Ørtenblad 2002; Dalgaard et al. 2004) , it is often hypothesized that the nitrate leaching risk after field spreading of digestates is lower than after spreading of the undigested manure. The statements are deducted from the assumed better match of N supply and crop N demand, as a consequence of the higher ammonium-N/ total N share in digestates compared to the input feedstocks. However, several field studies have demonstrated that anaerobic digestion of animal manures do not affect soil mineral N content in autumn at the beginning of the main leaching period, meaning no differences in the nitrate leaching risk of digested in comparison to undigested animal slurries (Chantigny et al. 2008; Merz and Trösch 1989; Möller and Stinner 2009; Pötsch 2005) . However, implementation of biogas plants can be accompanied by several changes of the cropping system (crop acreage, cover cropping, etc.) which potentially can indirectly affect nitrate leaching risk, for example:
(i) Changes in the farm infrastructure, e.g., increase of the storage capacity for liquid manures, leading to less manure applications in autumn before the leaching period. (ii) Alternative use of the organic materials already available in the farm system (e.g., green manure crops, crop residues, etc.) for energy purposes instead of direct incorporation into the soil. Harvest of green manure crops and crop residues in autumn for anaerobic digestion with subsequent reallocation of nutrients in winter and spring removes substantial amounts of N in late summer and autumn (Gunnarsson et al. 2008 (Gunnarsson et al. , 2011 Möller et al. 2008; Brozyna et al. 2013; Erhart et al. 2014; Frøseth et al. 2014) substantially affecting the soil mineral N content in autumn (e.g., Möller and Stinner 2009 ). (iii) Changes of the performed crop rotation and crop acreage (e.g., changes in cover cropping, implementation of energy crops like silage maize at the cost of cash crops, etc.) ( Table 2 ). They include a higher share of silage maize in the crop rotation (e.g., Kruska and Emmerling 2008) . NO 3 − -loss risk is usually highest after maize cropping in comparison to many other crops (Möller et al. 2011 , and references therein). Furthermore, the increase of silage maize acreage reduces simultaneously the scope for cover cropping, as an effective measure to reduce NO 3 − -leaching risk, due to the late harvesting time of silage maize. Another factor indirectly affecting nitrate leaching risk is often an increase of the total amounts of available organic manures after implementation of biogas plants due to digestion of dedicated energy crops (Möller et al. 2011) , resulting very often in higher overall organic manure applications at inconvenient periods. The significantly lower N efficiencies of organic manures, including unseparated digestates, in comparison to mineral N fertilizers (e.g., Gutser et al. 2005 ) are a further reason for higher N loss risks after setup of such biogas plants as higher amounts of total N are often applied to secure the N demand of crops.
It can be concluded that anaerobic digestion itself does not influence directly the nitrate leaching risk after field application. The described cropping system change-related effects have a much stronger effect on nitrate leaching risk than the chemical changes of the feedstocks induced by the anaerobic digestion process in the fermenter. An increased nitrate leaching risk could result from digestion of dedicated energy crops and due to digestion of off-farm feedstocks as consequence of the increase in the total amounts of organic manures and the increase in silage maize cropping. A reduced nitrate leaching risk is reported when crop residues or green manure crops are removed from the field in autumn before beginning of the main leaching period, instead of leaving these materials on the site.
4.2 Impact of anaerobic digestion on total nitrogen losses and ammonia volatilization 4.2.1 Impact of anaerobic digestion on total N losses during manure storage Nitrogen is the nutrient that is most susceptible to transformations affecting the risk of unproductive losses. The transformations include mineralization to ammonium, immobilization, oxidation (nitrification), and denitrification. It has often been reported that total N is mostly conserved during anaerobic digestion process (e.g., Tietjen 1957; Field et al. 1984; Plaixats et al. 1988 ). However, Neuner et al. (2011) balanced the nutrient inputs and outputs of biogas digesters and found net N losses of 18 %. Schievano et al. (2011) reported about net N losses of 5-10 %. The NH 4 + -N flux in the biogas stream, which is composed by CH 4 , CO 2 , H 2 O (g) and trace amounts of NH 4 + , H 2 S, etc., explained only approx. 10 % of these losses; the rest of the losses should be attributed to other reasons, for example partial organic/inorganic matter sedimentation as well as struvite formation and precipitation and subsequent retention in the digesters Möller and Müller 2012; Schievano et al. 2011) .
In the manure stores after anaerobic digestion, digested slurry from animal manures does not commonly build up a "natural" surface crust by suspended fibrous material, as is often found in undigested slurry stores. Sommer (1997) reported N losses from digested slurry by volatilization in open stores of about 30 % of the total N. Clemens et al. (2006) reported that in winter, NH 3 losses from digested slurry were similar to those from untreated slurry. In summer, NH 3 emissions from biogas slurry were twice as high as those from untreated slurry. These emissions can be avoided if the store is covered by a protective gas-tight layer (Clemens et al. 2006; Battini et al. 2014 ).
Novel technologies of manure handling often include the separation of the digestates in a liquid fraction and a fibrous solid fraction (Hjorth et al. 2010 ). Both fractions have, immediately after the separation process, a high NH 4 + to total N share (e.g., Möller et al. 2010; Fouda et al. 2013) . The liquid fraction is stored in tanks (either uncovered or covered) and the solid fractions in open manure heaps. There are only few data about the total gaseous N losses after digestate separation. No data were found concerning N emissions from the liquid fraction stored in open tanks. Probably, losses will be similar to that from unseparated digestates. Concerning N losses from the solid fibrous fraction, this fraction has still 70-80 % water, meaning that also a high NH 4 + to total N share at the beginning of the storage period. Petersen and Sørensen (2008) reported that the losses of NH 4 + -N and total N during storage of the fibrous fraction accounted for 30-90 and 10-55 % of the initial amounts, respectively. A higher total N at the start of the storage phase means a disproportionately high increase of N losses via ammonia volatilization and denitrification (Petersen et al. 1998) . Furthermore, the low availability of easily degradable organic C compounds reduces the potential for N immobilization, increasing the risk of gaseous N losses ( Regional level Import/purchasing of dedicated energy crops, municipal biowastes, bio-wastes from food industry, etc.
Strong increase Strong increase Significant increase Möller et al. 2011 1998; Petersen and Sørensen 2008) . Therefore, particularly manures including digestates with a high initial N fertilizer value loose a great part of this advantage through gaseous N losses during storage (Külling et al. 2003; Paul et al. 1998) . Furthermore, anaerobic digestion affects manure pH, and the transformation and loss of ammonia are very sensitive to the pH value: Relatively low loss occurs below a pH of 6, and very high loss occurs when the pH exceeds 8 (Muck and  Steenhuis 1982) , pH values often also found in digestates.
In conclusion, the gaseous N losses from solid digestate heaps represent the main challenge regarding management of digestate stores after anaerobic digestion. Techniques dedicated to prevent N losses when storing manures are equally valid when storing digestates. Therefore, in accordance with the recommendations for solid farmyard manures, solid digestates should be, whenever possible, applied directly to land, thus bypassing the storage phase (Petersen and Sørensen 2008; Thorman et al. 2007) . Further strategies to reduce gaseous N losses are covering and compaction of the solid manure heaps (e.g., Chadwick 2005; Hansen et al. 2006) as well as storage in high manure heaps (Dong et al. 2011) . However, probably the most efficient strategies to reduce the N losses during storage are technical approaches, like drying of the solid fraction under controlled conditions with subsequent N recovery, or ammonia removal before or after solid-liquid separation. One approach is, e.g., the vacuum application and heating before manure separation for NH 3 and CO 2 volatilization with subsequent N recovery by stripping. There is a lack of systematic data on the efficiency of the different approaches to reduce N emissions, including the effects of supplementation of additives such as acids, gypsum, calcium, or magnesium chlorides to solid digestate stores.
Impact of anaerobic digestion on ammonia volatilization from field-applied manures
Several factors that potentially influence N losses by NH 3 volatilization during and after field spreading are affected by anaerobic digestion: Reduction of dry matter content (e.g., Asmus et al. 1988 ) and viscosity Baudez et al. 2011) can increase the infiltration of liquid manure into the soil, thereby decreasing the exchange surface of slurry with the atmosphere thus lowering NH 3 volatilization (Rubaek et al. 1996; Sommer and Hutchings 2001) . However, digestion leads simultaneously to an increase in manure pH (by 0.5-2.0 U) and of the ammonium concentration (relative increase of >20 %) (Möller and Müller 2012) ; both factors promote N losses via NH 3 volatilization (e.g., Gericke et al. 2012; Ni et al. 2012; Sommer and Hutchings 2001 In concordance with the described potential effects, contradictory results regarding the effects of anaerobic digestion on NH 3 volatilization after field application of digestates have been reported in literature: Some researchers report a decrease of NH 3 losses after soil application of digested animal manures, others report an increase of losses, and others did not found any or ambiguous effects (Table 3 ). Other research groups compared volatilization after spreading of undigested slurry and a digestate derived from slurry plus other feedstocks (e.g., Wulf et al. 2002a; Ni et al. 2012) , an approach which do not allow for the assessment of the effect of anaerobic digestion itself on NH 3 volatilization, requesting for a careful interpretation of the results. In some reports, digestates were used which lost considerable amounts of N during the digestate storage, a situation which does not match with the current state of the art (Table 3) , and probably reduced the NH 3 losses after digestate field spreading.
Reliable NH 3 emission estimates could potentially be derived from mathematical models based on the physicochemical processes controlling NH 3 volatilization from manures and their interactions with soil, canopy, and atmospheric variables. Gericke et al. (2012) modeled ammonia volatilization after digestate field application using a linear model. According to their model, a change of the temperature by +1 K or of the pH by +0.1 pH units of ammonia volatilization will increase by about 1.0 or 1.6 % of the total applied NH 4 + -N, respectively. However, the pH range considered in the measurements was between 6.9 and 7.7, and total ammonium-N ranged between 1.75 and 2.72 kg NH 4 + -N Mg −1 (Gericke et al. 2012 Gericke et al. (2012) is an approach to assess ammonia losses in a pH range of most digestates available in practice (e.g., with cattle slurry or silage maize as feedstocks). It is probably not able to assess NH 3 losses from digestates with very high NH 4 + -N concentrations, which are simultaneously characterized by very high pH values (e.g., digestates from poultry or/and pig manures, cereal grains, kitchen wastes, and other digestates derived from N-rich feedstocks with a high bio-degradability). The combination of both characteristics strongly increases the potential for NH 3 losses. There are only very few publications available about the combination of anaerobic digestion with other treatments (separation, acidification, flocculation, etc.) on ammonia volatilization after field application (Table 3) , indicating the need for further research work about the direct and indirect effects of liquid manure treatment technologies on field N emissions after digestate spreading.
As conclusion, the higher pH and ammonia content in digestates counteracts the effects of the decreased viscosity. Therefore, application of digestates requires the implementation of more sophisticated field application techniques (Fig. 1a, b) . Available models to assess these gaseous N losses were calibrated with digestates matching the characteristics of the most common digestates available in agriculture; however, they are probably less able to assess N losses of digestates derived from N-rich feedstocks with a high degradability.
Impact of anaerobic digestion on ammonia volatilization on the entire farm level
A holistic approach for assessment of the potential effects of anaerobic digestion on N losses via NH 3 volatilization should include at least two relevant cropping system change-related effects: (i) Reduction of gaseous N losses during anaerobic digestion due to the closed storage of the feedstocks such as animal manures in the digestion facilities keeps higher N amounts within the nutrient cycle. Presumably, this will increase the risk of N losses in the subsequent manure handling steps, e.g., during and after field spreading, potentially resulting in a kind of pollution swapping. Furthermore, (ii) the use of crop residues, green manures, feedstocks from dedicated energy crops, and external feedstocks increases the amounts of total N and the amounts of NH 4 + -N spread via organic manures (Möller 2009; Möller et al. 2011) . Therefore, anaerobic digestion of crop residues or/and dedicated energy crops strongly increased the overall NH 4 + losses due to an increase of the total amounts of liquid manures that are applied to fields and the related N losses via NH 3 volatilization (Michel et al. 2010; Möller 2009 ), simultaneously increasing the eutrophication potential of the entire cropping system (Michel et al. 2010 ). In conclusion, implementation of an anaerobic digestion plant reduces the N losses during the first step of manure handling; however, it increases the risk of N losses during the later steps of manure handling and spreading, potentially resulting in pollution swapping. Therefore, a substantial reduction of ammoniacal N emissions during the manure management steps after the passage through the biogas digester is even more important than in undigested manures and required a holistic strategy which must include all the steps of Effects of anaerobic digestion on soil C, N, and biological activitymanure handling (adequate digestate treatment including NH 3 recovery, gas-tight stores for liquid fractions, immediate disposal or drying of the solid fraction, sophisticated digestate spreading techniques, use of additives like sulfuric acid, etc.) and direct soil incorporation after field spreading to avoid field N losses by ammonia volatilization.
Nitrous oxide emissions
4.3.1 Impact of anaerobic digestion on N 2 O emissions during manure storage Greenhouse gas emissions, expressed as CO 2 equivalents, from liquid slurry or solid manure stores are very often higher than emissions after field application (Clemens et al. 2006; Michel et al. 2010) . In manure stores, substantial amounts of N can be emitted as N 2 O (Hansen et al. 2006; Külling et al. 2003; Massé et al. 2011; Wang et al. 2014 ). Due to the low oxygen partial pressure in liquid slurry stores with a gas-tight cover, N 2 O emissions are negligible since oxygen is a prerequisite for N 2 O formation. Another situation arises when digestates are stored in open stores before field application: During the winter, emissions from digested and undigested manures are similar, while in the summer, the amounts emitted as N 2 O are twice as high from digested than from undigested liquid manure stores . After a solid-liquid separation, the solids are generally stored in open heaps (Fig. 1c) , and during storage and management, these heaps are often turned/reallocated many times before field application . Stores of solid manure as well as digestates provide oxic and anoxic conditions within close proximity (Hansen et al. 2006) , and they can be a considerable source of N 2 O. Currently, only few data are available about N 2 O emissions from separated solid digestates; most data are collected from solid animal manure heaps. Hansen et al. (2006) found that 4.8 % of the initial N content was lost as N 2 O during the storage of the fibrous solid fraction from separated digestates of pig manure. The relatively narrow C/N ratio ranging between 11.2 and 19.3 and the high share of NH 4 + -N to total N (ranging between 26.0 and 49.4 %) measured in solid separated digestates directly after the separation process (Möller and Müller 2012) can explain the very high emission rates determined in such manure heaps. However, our understanding of the relevance of the composition of the solid manure and the different processes leading to N 2 O emissions in a solid digestate manure heap is low:
-It was stated that N 2 O emissions from stored manures with high concentrations of NH 4 + are produced during nitrification (Hao et al. 2005; Hao 2007; Yamulki 2006) . Other authors stated that increased N 2 O emissions resulted as an intermediate product of denitrification (Lipschultz et al. 1981; Petersen et al. 1998 ). In the presence of O 2 , the NH 4 + -N is nitrified to nitrate (NO 3 -), which is highly mobile and therefore moves, by means of diffusion, within the solid manure or solid digestate heap to anoxic sections within the manure heap. In anoxic sections, nitrate is denitrified to N 2 O and N 2 .
-The high NH 4 + -N contents and the resulting NO 3 − -N contents provide high substrate availability for the different processes leading to N 2 O formation. A high nitrate formation within the manure heap may also lead to the inhibition of the N 2 O reductase and therefore the reduction from N 2 O to N 2 , hence favoring the N 2 O release from denitrification (Swerts et al. 1996; Yamulki et al. 1995) .
The pH value of manures is affected by the anaerobic digestion process (Möller and Müller 2012) and can also be influenced by CO 2 removal or the addition of additives like sulfuric acids. No data were found about the effects of the pH value on the microbial activity in manure heaps and possible direct and indirect effects on N 2 O formation. According to Suzuki et al. (1974) , the NH 3 concentration as substrate for the ammonia monooxygenase enzyme decreases exponentially compared to NH 4 + as pH declines. In contrast to NH 3 , uptake of NH 4 + by microorganisms requires an active, energy-consuming mechanism of membrane transport, and therefore an energy source which may be limited at lower pH value (Burton and Prosser 2001) . Baggs et al. (2010) found a pH-induced change in the source strength of N 2 O production in soils. A higher pH value of the soil solution can increase total N 2 O emissions or shift the predominance away from denitrification to ammonia oxidation. Probably, similar effects drive the processes in manure heaps.
It can be concluded that gas-tight storage of digestates is the most effective measure to reduce N 2 O emissions from liquid as well as solid digestates. Especially, solid digestate heaps are prone to emit huge amounts of N species, as the available techniques to reduce these N emissions are less efficient than for liquid digestates and difficult to implement under practical farming conditions. However, there is still a lack of data improving our understanding of the processes influencing the N 2 O and N 2 formation in solid manure heaps depending on the several variables influenced by anaerobic digestion (NH 4 + -N to total N ratio, C org /N ratio, pH value, C availability, H 2 S content, etc.). Furthermore, no comparative studies were found about the influence of specific feedstocks on digestate composition and the effect of differences in digestate composition on subsequent N 2 O losses during storage.
Impact of anaerobic digestion on N 2 O emissions from field-applied manures
Due to the decomposition of the easily degradable C compounds during anaerobic digestion, the viscosity of manures becomes lower and, as stated above, the amounts of easily degradable C added to the soil decreased considerably. Consequently, less anoxic microsites, favorable for denitrifying activities, might emerge, and it can be assumed that anaerobic digestion will reduce N 2 O emissions after manure field spreading (e.g., Möller and Stinner 2009 ). Another hypothesis is that treatment technologies reducing the viscosity (e.g., due to degradation of organic matter) have the potential to reduce N 2 O emissions, as dissolved C and N are dispersed into a larger soil volume, changing the balance between aerobic and anaerobic decomposition (Petersen and Sommer 2011 ). Most of the available studies confirmed lower N 2 O emissions after digestate application in comparison to undigested feedstocks (Table 4) . However, there are also some contradictory results. Miller et al. (2009) found a negative relationship between soil respiration and the N 2 O molar ratio, demonstrating that C availability in soil promotes the reduction of N 2 O to N 2 . This is in line with a conceptual model from Thomsen et al. (2010) which considers the ratio between O 2 supply and O 2 consumption as the main driving variable for changing N 2 / N 2 O ratios. Therefore, effects of a manure treatment affecting its biological and chemical oxygen demand will depend on soil conditions. In a relatively dry or inactive soil, an increase of the N 2 O fluxes can be expected by a slurry treatment such as anaerobic digestion, whereas a net decrease would result if the treated manure is applied to a soil where conditions are already conducive to denitrification, leading to an enhanced N 2 O reduction to N 2 , and thus to a higher N 2 /N 2 O ratio. Furthermore, some of the results published indicate an interaction of the effects of anaerobic digestion with other soil properties (Chantigny et al. 2007; Eickenscheidt et al. 2014 ). The soil type seems to influence the effects of manure treatments, as in a loamy soil, the reduction was significantly stronger than in a sandy soil (Chantigny et al. 2007) , probably due to differences in soil water and aeration status and the related effects on the redox potential in the soil. The soil organic matter content influences also the effects of manure treatments, N 2 O emissions increase with increasing soil C org content probably due to more favorable conditions for denitrification (Chantigny et al. 2010; Pelster et al. 2012; Eickenscheidt et al. 2014 ). Chantigny et al. (2010) as well as Pelster et al. (2012) argued that in soils low in C org , N 2 O production responds to the manure C inputs, whereas in soils higher in C, N 2 O production is stronger related to the NO 3 availability.
The feedstocks used for anaerobic digestion and the degradability of the remaining organic matter in the digestates influence the N 2 O emissions after field application (Johansen et al. 2013) . Consequently, digestates with a high degradability of the organic matter such as grass-clover caused a significantly stronger increase of the N 2 O emissions than, e.g., digestates derived from maize digestion with a lower shortterm biodegradability. Also, the treatment of digestates after anaerobic digestion by solid-liquid separation has the potential to influence the manure-induced field N 2 O emissions, as the C org and the N compounds are partially segregated. However, no systematic studies about the specific effects of the different treatment steps on potential emissions were found. Bertora et al. (2008) compared the combined effects of anaerobic digestion and separation on N 2 O emissions; they measured lower N 2 O emissions from a loamy soil treated with either liquid or solid portions of treated pig slurry compared to the raw pig slurry. Chantigny et al. (2007 Chantigny et al. ( , 2010 used the liquid fraction of treated pig slurry and measured similar or lower field N 2 O emissions from the treated slurry fractions compared with the raw pig slurry. The results of these studies do not allow an assessment of the effects of each of the single treatment steps on soil N 2 O emissions, as the difference to the control treatment comprises two sub-treatments, anaerobic digestion, and subsequent separation. As indicated previously, available data on N 2 O emissions after soil application of separated digestates indicated not only lower emissions after field application of the liquid fraction but also after field incorporation of the organic matter-rich solid residues Bertora et al. 2008; Möller and Stinner 2009; Collins et al. 2011) . Currently, there is no explanation available for lower N 2 O emissions from each of the fractions after separation in comparison to an unseparated digestate. One possible reason for the lower N 2 O emissions after soil incorporation of the solid digestates can be the composting processes in the store before field spreading induced due to aeration after digestate separation. It can be concluded that most findings indicate a reduction of the soilborne N 2 O emissions after application of digestates in comparison to the undigested feedstocks; however, the effects are influenced by several environmental conditions including soil water content, soil type, and soil organic matter content.
Cropping system change-based impacts on field N 2 O emissions
The implementation of anaerobic digestion plants often leads to broad changes in crop acreage and crop rotation. In Germany, mainly acreage of silage maize increased at the cost of cereals, rapeseeds, and other crops, when comparing acreage of crops before and after implementation of a biogas plant (e.g., Kruska and Emmerling 2008; Möller et al. 2011) . Results of whole-year inventories on the effects of implementation of cropping feedstocks for digestion in biogas plants on the N 2 O emissions from soils at the level of the entire cropping system are contradictory. Silage maize cropping is related to large N 2 O emissions per unit area in comparison, for example, to cereal cropping. Therefore, implementation of biogas plants with silage maize as main feedstock is potentially linked to a large increase of total N 2 O emissions (e.g., Dittert et al. 2009 ). However, the implementation of anaerobic digestion plants also enables a use of the residues otherwise incorporated directly into the soil (crop residues, green manure crops like cover crops or clover-grass-leys) leading to a substantial decrease of soilborne N 2 O emissions as indicated by few studies presented in Effects of anaerobic digestion on soil C, N, and biological activity Stinner 2009; Nadeem et al. 2012) . The harvest and anaerobic digestion of clover/grass leys, crop residues, and cover crops in autumn results in the removal of large amounts of N and its storage in "closed" stores during winter Gunnarsson et al. 2011; Nadeem et al. 2012 ), a period with substantial N 2 O losses which might account for 50 % or even more of the annual N 2 O flux (Flessa et al. 1995; Kaiser and Ruser 2000) . Whole-year inventories indicated that most soil N 2 O fluxes occurred within 20-40 days after fertilization Möller and Stinner 2009; Chantigny et al. 2010 ). However, for an assessment of cropping system change-related effects, whole-year inventories are mandatory, as very often, the entire effects are composed by several partial effects. For example, Schauss (2006) as well as Möller and Stinner (2009) reported a reduction of soilborne N 2 O fluxes after green manure removal in autumn and, simultaneously in spring, an increase of N 2 O fluxes after field application of the digestates obtained from those green manure feedstocks. However, the reduction in autumn was stronger than the increase of at the beginning of the following growing season, leading to a total reduction of field emissions.
The experiments reported by Schauss (2006) were carried out with frost-sensitive cover crops; however, the implementation of biogas plants enables farmers to use winter cover crops as a further feedstock for anaerobic digestion. Winter cover cropping alters the soil water and the soil nitrate N content during the winter period (McCracken et al. 1994; Parkin et al. 2006 ) due to plant uptake, which are two main drivers and regulators of the processes in soils leading to denitrification (e.g., Ciarlo et al. 2007; Dobbie and Smith 2003; Miller et al. 2009; Ruser et al. 2001; Skiba et al. 1998 ). The NO 3 − concentration in soil solution influences N 2 O emissions not only by the substrate availability but also by the molar ratio of N 2 O and N 2 during denitrification: The higher the NO 3 − concentration, the lower the N 2 / N 2 O ratio (Blackmer and Bremner 1978; Miller et al. 2009) . A (winter) cover crop also influences the soil water household and soil mineral N content during establishment of the following main crop, possibly also influencing emissions during the main crop growth, due to its indirect influence on soil conditions. No studies have been found with respect to the influence of winter cover cropping, followed by a spring-sown main crop, on soil total N 2 O emissions in whole-year inventories. It can be concluded that there are only few publications available assessing the effects based on changes of cropping system effects on N 2 O emissions. These cropping systembased effects have the potential to be of much higher relevance for the overall emission inventories than the direct effects of digestate application.
Effects of anaerobic digestion on soil properties and soil biological activity
There are only few studies about the effect of digestates on soil physical properties. Application of digestates improved soil properties by reducing the bulk density, increasing saturated hydraulic conductivity, moisture retention capacity of soils (Garg et al. 2005; Beni et al. 2012) , and aggregate stability (Beck and Brandhuber 2012; Beni et al. 2012; Erhart et al. 2014; Frøseth et al. 2014 ), compared to an untreated control. However, an assessment on the long-term direct effects of digestate application on soil physical properties in comparison to the undigested feedstock is not available. Simultaneously, indirect effects due to changes in the cropping system (e.g., overall crop acreage) are expected. In conclusion, a minor direct effect of digestion on the soil physical properties is expected; the potentially major impact is expected for indirect effects related to changes in the cropping system.
Many reports indicate an enhanced soil microbial activity after field applications of digestates in comparison to inorganic fertilizers or untreated controls (Alburquerque et al. 2012b; Bachmann et al. 2011 Bachmann et al. , 2014 Galvez et al. 2012; Kautz and Rauber 2007; Lošák et al. 2011; Odlare et al. 2008 Odlare et al. , 2011 Ross et al. 1989; Schröder et al. 1996; Walsh et al. 2012a, b; Clements 2013) . Elste et al. (2010) reported that soil application of digestates enhanced the abundance and biomass of earthworms. From all these reports, it can be concluded that digestate application per se enhanced the soil biological activity. However, comparisons of parameters describing the soil microbial activity such as basal respiration, substrate-induced respiration, specific growth rate, metabolic quotient, or N mineralization capacity indicate that the effects of digestate application on promotion of the soil microbial activity are in the short-term view lower than the effects of application of the undigested feedstock (Merz 1988; Reinhold et al. 1991; Schröder et al. 1996) . The available data show an interaction with the specific experimental setup. In cropped fields, very often, no or minor differences in soil biological activity were measured in comparison to application of undigested feedstocks (Allan et al. 2003; Schauss et al. 2006; TerhoevenUrselmans et al. 2009; Clements et al. 2012; Walsh et al. 2012b; Bachmann et al. 2014) , whereas in an experimental setup carried out on fallow land, the differences between undigested and digested manures were very often significant (Friedel et al. 1996; Ernst et al. 2008; Terhoeven-Urselmans et al. 2009 ). Simultaneously, the influence of anaerobic digestion on soil microbial activity is also mediated by the used feedstock (Johansen et al. 2013) . Digestates with a high degradability of the organic matter such as clover-grass have a stronger effect on the short-term soil microbial activity than digestates with a low degradability such as silage maize. However, there are some indications that in a medium-term view of several months or even years, the differences in the effects of application of digestates in comparison to the undigested feedstocks are minor or even negligible (Schröder et al. 1996; Schauss 2006) . Schauss et al. (2006) reported for example that after approx. 4 years of conversion, soil in situ potential denitrification and nitrification activities did not differ significantly between the fertilization treatments with and without application of digestates obtained from several kinds of byproducts originated from the same crop rotation. Moreover, investigations of soil respiration, microbial biomass C, waterextractable C, total C content, and the carbon-source utilization assay were similar in all treatments, despite very large differences in total C inputs due to anaerobic digestion of crop residues and cover crops in some of the biogas treatments (Fig. 2) . The substrate-induced respiration was strongly affected by total N inputs than by the C inputs, whereas basal respiration and the soil microbial biomass were not affected by the overall C and N inputs. However, there are some indications that application of digestates instead of the undigested feedstock indirectly changes the soil microbial community by a differentiated effect of digestate application on soil microbial activity. For example, there are some indications in a number of trials that earthworm populations react differently to slurry or digestate applications, with Lumbricus terrestris preferring slurry and Eisenia fetida preferring digestate (Clements 2013) . Another study indicates that digestates did not influence earthworm populations, whereas earthworms were positively influenced by the green manure crop otherwise used as feedstock for anaerobic digestion (Frøseth et al. 2014) . Alburquerque et al. (2012b) found a significant increase in alkaline phosphatase activity (linked to the P cycle) in soils treated with digestates; however, no changes in β-glucosidase (linked to the carbon cycle), urease, and protease (both linked to the N cycle) activities were measured. Also, Bachmann et al. (2014) reported that the activities of dehydrogenase and alkaline phosphatase were 50 % lower in the soils that were amended with digestate compared with input not digested feedstock. These effects were probably mediated by the lower inputs of easily available C org and N org sources added with the digestates. In line with these findings, Kautz and Rauber (2007) reported an increase of the dehydrogenase activity, whereas the β-glucosidase activity did not respond to digestate application, indicating that digestate application has no effects to parameters linked to the C inputs, but large influence on parameters linked to nutrient supply. Also, Chen et al. (2012) found an increase in soil microbial biomass and a significant promotion of chitinase and leucine amino peptidase activities (related to N-cycle) but no effects of digestate application on three tested enzymes b-glucosidase, cellobiohydrolase (involved in cellulose decomposition), and xylanase (involved in hemicellulose decomposition). The activity of chitinase and leucine amino peptidase is promoted by N-enriched organic components, e.g., peptidoglucan accumulated as microbial residues during the biogas fermentation (Chen et al. 2012) . Furthermore, a clear shift in the structure of the microbial community in response to digestate application in comparison to an undigested feedstock was reported (Chen et al. 2012; Abubaker et al. 2013 ). Due to digestate application, the slowly growing microorganism became dominant and a transition of r to K strategists took place. This shift seems to be related to changes in the fungi-to-bacteria ratio (data soil N and C inputs, soil N and C content, soil C/N ratio: Möller 2009 ; data soil water extractable C content: Schauss et al. 2006; Schauss 2006) . (Chen et al. 2012) . Abubaker (2012) also concluded that his findings indicate that two different types of microbial shifts occur in residue-amended soils, one faster shift directly correlated with functional properties and one slower shift that may be attributed to altered microbial community composition. Simultaneously, the effects of adding digestates and undigested cattle slurry on bacterial community structure were greatest in the sandy soil (Abubaker et al. 2013) . From a methodological point of view, any assessment of the potential effects of implementation of biogas plants on soil properties and soil biological activity in comparison to a similar reference cropping system without anaerobic digestion depends on the definition of the reference system. The available results are sometimes difficult to interpret because of the fact that the comparisons were often performed based on equivalent amounts of total N or total fresh matter applied. Such comparisons do not take into consideration the differences in mass losses (mainly C and N losses) which occur during the entire cycle started with the generation of the original feedstocks or wastes, until the final field application. For example, based on application of equivalent amounts of fresh matter manure, Singh et al. (2007) reported that the improvement of the soil aggregate mean weight diameter tended to be higher after the application of biogas slurry than after application of solid farmyard manures. This approach did not take into account that much less feedstocks are commonly needed to get the same amounts of fresh matter digestates in comparison to solid farmyard manures. Odlare et al. (2008) compared the effects of composted and digested household wastes by the application of fertilizer rates equivalent to 100 kg N ha −1 year −1 , without any consideration of the fact that to obtain 100 kg N of composted fertilizer, much more original feedstocks are required than for 100 kg N of digestates from the same feedstock. However, a holistic assessment of the effects of different treatment methods must include the whole chain effects and not only the final products.
From the presented results, it became obvious that the selective degradation of the easily degradable compounds during anaerobic digestion affects mainly the soil microbial activity shortly after manure application and, on a longer perspective, potentially the composition of the soil microbial community. In a system with anaerobic digestion of residues and wastes in a biogas plant, the ecological function of some soil organisms is no longer fully necessary to decompose the supplied organic matter and mineralize the nutrients, as the respective decomposition step was formerly performed by the microorganisms in the digester under more controlled conditions. From the available literature, it remains unclear, whether the anaerobic digestion itself or changes in the cropping system such as changes in the crop acreage and crop diversity triggered by the implementation of the biogas plants are the main driving factors for any changes in soil microbial or soil physical properties. All these factors will potentially affect soil microbial population and activity, as well as the soil fauna composition (Zak et al. 2003; Vepsäläinen et al. 2004) . From a methodological point of view, any assessment of potential effects of the implementation of anaerobic digestion should take into consideration the system boundaries as well as the overall mass flows affected by the entire treatment chain.
6 Effects of anaerobic digestion on soil organic matter
Effects of anaerobic digestion of farm wastes
Little information is available about the long-term field effects of anaerobic digestion on the soil organic matter level. Adequate soil inputs of organic matter are important for maintaining the fertility of arable soils, since arable soils under intensive management tend to lose C (e.g., Schjønning et al. 2009 ). There are congruent reports about a lower short-term carbon mineralization and consequently a higher recalcitrance of digested manure in comparison to undigested slurry (Table 5) . In field experiments, Möller (2009) did not found any difference in the total N and total C content of soils after 4 years of treatment either with digested or undigested slurry (Fig. 2) . Similar results regarding soil C were recorded by Bachmann et al. (2014) after 3 years of Erhart et al. (2014) regarding the soil humus balance of different management options of green manures with and without anaerobic digestion.
In an incubation experiment, Reinhold et al. (1991) reported that the amounts of organic matter remaining in the soil after degradation of the easily degradable compounds were similar for pig slurry and the digestate obtained from this manure. A recently published study of Thomsen et al. (2013) confirmed these findings and suggests that on a longer-term perspective, the retention of plant-derived C in soil is little affected by pretreatments such as passage through a ruminant and/or anaerobic digestion. Fouda (2011) carried out a pot experiment with different digestates and with undigested cattle slurry as a control treatment. Regardless of anaerobic digestion, soil C accumulation was similar, although the C org input in the undigested treatment was nearly twice as high as in the anaerobic digestion treatment. These results are in agreement with results reported by Marcato et al. (2009) and Sánchez et al. (2008) . Therefore, it can be concluded that C losses during the anaerobic digestion process are compensated by the lower C degradation after field application of the fertilizer.
Influence of feedstocks
The type of feedstock to biogas plants influences the properties of the by-product digestate and also the C and N dynamics after application of the digestates (Sänger et al. 2014; Fouda 2011 ). Fouda (2011 compared the effects of digestates from different mixtures of feedstocks on soil C accumulation based on the application of equivalent NH 4 + amounts. In spite of much higher total C inputs in clover-grass digestates (factor 1.5-2), the soil C accumulation was not different in the treatments with feedstock mixtures rich in silage maize. The lowest C accumulation was measured with digestates derived from mixtures rich in concentrates, either directly introduced as grain grist or indirectly introduced as poultry manure, which in turn was derived from a concentrate-rich feed ration (Fouda et al. 2013) . The soil C inputs were much lower for the digestates from concentrates than from digestates from feedstocks rich in fibers (Fouda et al. 2013 ). The high degradability of digestates from clover-grass was confirmed by findings reported by Johansen et al. (2013) .
It can be concluded that available results indicate a significant effect of feedstock-depending composition of digestates on the soil organic matter. Digestates derived from concentrates seem to accumulate less amounts of C in soils. Digestates from clover/grass had a lower specific C accumulation rate in soils than digestates from silage maize, showing similar soil C org accumulation in spite of large differences in total C org inputs.
6.3 Impact of effects related on changes of the cropping system Independently of the short-and long-term direct effects of anaerobic digestion of manures on soil C and N turnover, any approach to assess the long-term effects of the implementation of an anaerobic digester on soil fertility needs to take into account the entire cropping system. Implementation of biogas plants is often related to cropping of new crops or adoption of other crop management systems such as changed harvesting times, removal of crop residues as feedstock, implementation of new energy crops or semi-perennial arable crops, double-cropping systems, etc.. There are only single studies available describing these effects. In an experiment assessing the influence of only animal manure digestion, combined animal manure, and crop residue treatment and other treatments with the usual management (direct incorporation of animal manures, crop residues, and green manure crops) over a period of 4 years, the soil water extractable C content was not correlated, or even negatively correlated, to total C and N inputs, possibly indicating that C priming effects in the treatments without anaerobic digestion and consequently with large inputs of organic C have affected the soil water extractable C content (Fig. 2) . Priming effects related to application of digestates and non-digested feedstocks were also reported by Bernal and Kirchmann (1992) (Table 5) . Furthermore, no influence of total C and N inputs on changes of soil total N and soil C org contents were measured in spite of large differences in total organic matter inputs.
It was concluded that the direct influence of anaerobic digestion on soil organic matter content are even in a long-term view probably negligible. Probably, indirect effects induced by changes in the entire cropping system related to anaerobic digestion implementation such as crop rotation or acreage of single crops are much more relevant for the effects on longterm soil fertility than direct effects of anaerobic digestion.
Conclusions and research needs
Anaerobic digestion affects a lot of characteristics of the treated feedstocks, which potentially also affects soil processes and N emissions after field spreading. Studies on the consequences of anaerobic digestion on the subsequent turnover of N and C in soil generally rest on different composition of the starting feedstocks. This is a crucial drawback because the differences between digested materials and their respective non-digested feedstocks in their effect on soil N and C turnover and in contributions to soil C storage is small compared to the amount of N and C already residing in the soil and therefore difficult to quantify over shorter time-span. Furthermore, any assessment of the effects of anaerobic digestion on emissions and soil properties of farming activities should take into account possible effects on different scales (e.g., field and farm scale), design of the manure store and manure treatment after digestion (e.g., open or closed digestate store, solidliquid separation, and subsequent treatment of the solid fraction), as well as changes in the entire cropping system triggered by introduction of the anaerobic digestion plant such as changes in the crop acreage and crop diversity, and total amounts of available organic manures. Main direct effects of anaerobic digestion on a farm level are the influence on gaseous emissions during manure treatment and handling, whereas the direct effects of anaerobic digestion on a field level on NH 3 emissions and on soil organic matter are negligible or at least ambiguous. The main direct effects of anaerobic digestion on the field level are short-term effects on soil microbial activity and changes in the soil microbial community, as the decomposition process of biomass is transferred from the soil to more controlled conditions in a biogas plant, reducing the activity of C decomposers in soils. Very often, direct effects of anaerobic digestion include a moderate decrease of the N 2 O emissions, as less amounts or readily available C is provided. Therefore, most of the direct effects of anaerobic digestion on soil properties and soil fertility are of short-term character; our current understanding regarding long-term effects on soil fertility indicate a minor direct influence of anaerobic digestion. Carbon losses during the anaerobic digestion process are mostly compensated for by lower organic matter decomposition after field application, attenuating any possibly negative effect of anaerobic digestion on soil organic matter content and humus reproduction. The most relevant effects on soil fertility as well as on N emissions will be expected from indirect effects related to cropping system changes such as changes in crop rotation, crop acreage, cover cropping, total amounts of organic manures, etc. The overall effects depend also from the specific setup of the biogas plant (e.g., design of the digestate stores), the composition of feedstocks, and the reference system.
Currently, a wide range of feedstocks of very different composition regarding plant nutrients and organic matter composition (degradability, nutrient concentration, water content) are used for anaerobic digestion (Weiland 2010 ). Therefore, more research is needed concerning the influence of single feedstocks and their characteristics on digestate composition (C org and N org content and fractions, SO 4 −2 content, etc.) and on the effects triggered by digestate application to soils (nitrous oxide emissions, soil carbon household, soil biological activity, etc.). Another major challenge related to digestate treatment after anaerobic digestion is the improvement of the management of solid fraction of the digestates after a solidliquid separation in terms of reduction of the overall emissions. These techniques could include drying combined with ammonia recovery by stripping in acids, or ammonia removal by heating and partial vacuum also combined with ammonia recovery, or the use of additives like gypsum, acids, or chlorides. These techniques possibly also influence the substrate availability for nitrifiers and denitrifiers, potentially also affecting the N 2 O emissions. More research is also needed regarding cropping systembased changes and their interaction with the changes induced by the anaerobic digestion process on the different soil processes, meaning the interaction of direct and indirect effects induced by the implementation of biogas plants. These potential cropping system-based changes induced by introduction of biogas plants are probably much more relevant for the overall performance and sustainability of the cropping system than the direct effects triggered by application of digestates in comparison to the undigested feedstocks.
